Fungi in the phylum Chytridiomycota (chytrids) are ubiquitous organisms that live in water and soil. Many chytrids have a simple, nonmycelial morphology, and the entire cytoplasm of the fungal body (thallus) cleaves to form motile uniflagellate zoospores during asexual reproduction. 1, 4 A thallus containing zoospores is a zoosporangium. 11 Although the chytrids often have been placed within the kingdom Protista, physiologic data and molecular sequencing indicate that they are more appropriately placed in the kingdom Fungi. 1 Most species are saprobic decomposers of organic matter, but others are obligate or facultative parasites of fungi, algae, vascular plants, or invertebrate animals. Chytrids have not previously been described as parasites or pathogens of vertebrates. 4 This report describes a novel skin disease in 3 species of frogs that was caused by infection with a chytrid fungus.
Between September 1996 and October 1997, the sporadic deaths of 24 juvenile blue poison dart frogs (Dendrobates azureus), 4 juvenile green-and-black poison dart frogs (D. auratus), and 3 aged adult White's tree frogs (Litoria caerulea) at the National Zoological Park (NZP) were associated with cutaneous chytrid infections. All affected frogs were housed in close proximity in NZP's Reptile House. Frogs were maintained on a natural photoperiod at room temperatures ranging from 20 to 30 C. Juvenile poison dart frogs were housed in groups of 2 or 3 in plastic containers that were lined by a plastic artificial turf carpet and that con-tained a small pool of charcoal-filtered tap water on one end. White's tree frogs were maintained in an aquarium containing pebbles, soil, live terrarium plants, and a pool of filtered tap water.
Between 1991 and 1996, more than 100 poison dart frogs were successfully reared at NZP. During this time, no significant disease outbreaks in the frog colony were noted. After September 1996, however, mortality in juvenile frogs markedly increased, especially among those 1-2 months postmetamorphosis (range, 12 days to 11 months). In most cases, affected frogs were found dead without premonitory clinical signs. In 2 animals, nonspecific clinical signs of anorexia and lethargy were noted 1 day prior to death. Generally, frogs were in good nutritional condition and the only consistent gross necropsy finding was a light brown discoloration and granular texture to the skin of the ventral body, medial thighs and feet.
All of the 3 affected White's tree frogs were Ͼ10 years of age and were considered to be geriatric. Two of these frogs were found dead without clinical signs. There were no significant gross necropsy findings in these animals. One 11year-old White's tree frog was presented to the NZP veterinary hospital with erythema of the skin of the ventral body and multifocal patches of soft, brown, loosely adherent material on the feet, axillary region, and ventral body; these patches were interpreted as shedding skin. The frog was treated with parenteral amikacin and fluid therapy but died 1 day after hospitalization. Gross necropsy findings were limited to the skin lesions described above.
In all cases, tissue samples from major organs or whole carcasses were fixed in 10% neutral buffered formalin. Poison dart frog carcasses were demineralized in a 5% trichloroacetic acid solution and serially cross sectioned. Tissues were routinely processed for histology, embedded in paraffin, sectioned at 5-6 m, and stained with hematoxylin and eosin (HE).
Histologic lesions in the skin were similar in all frogs and were most prominent on the ventral abdomen, pelvis, and legs. In poison dart frogs, lesions were also noted in the skin adjacent to oral mucocutaneous junctions and the toes. There was mild to moderate epidermal hyperplasia with moderate to marked orthokeratotic hyperkeratosis. Consistently within the stratum corneum of affected areas were numerous 7.0-15-m spherical, thick-walled eukaryotic organisms ( Fig. 1 ). Multifocally, large numbers of bacteria were evident within the excess surface-keratin. Inflammation was an inconsistent finding and, when present, consisted primarily of superficial dermal infiltrates of low numbers of neutrophils, lymphocytes, and fewer macrophages with multifocal exocytosis into the epidermis. Rarely, there were foci of epidermal degeneration and/or necrosis.
Three forms of the spherical organism were discernible in HE-stained sections: a rare uninucleate form containing homogenous basophilic cytoplasm, a form containing multiple nuclei separated by lightly stippled to microvacuolated basophilic cytoplasm (Fig. 2) , and a cyst-like form (zoosporangium) containing multiple discrete 2-3-m round to oval basophilic spores ( Fig. 3 ). Short tubular extensions (discharge papillae) could occasionally be observed arising from the thalli in all forms of the organism. These discharge papillae usually extended towards the skin surface and gave thalli a flask-like appearance (Fig. 3) . In most sections, empty thalli, delineated by a residual cell wall, were observed mixed with viable forms of the organism.
The walls of thalli were positive by periodic acid-Schiff and Gömöri's methenamine silver but were negative with Gridley's fungal stain. Thalli and spores were not acid fast (Kinyoun's method). Spores within zoosporangia were gram positive and stained weakly with Giemsa, but walls of the thalli did not stain.
Fresh skin samples from a White's tree frog and a blue poison arrow frog were fixed in a phosphate-buffered 4% Fig. 3 . Skin; blue poison dart frog. Two chytrid zoosporangia containing multiple discrete spores are within the stratum corneum. One zoosporangium has a discharge papillum (arrows) oriented toward the skin surface. HE. formaldehyde-1% glutaraldehyde solution and processed for transmission electron microscopy (TEM). Samples were postfixed in 2% aqueous osmium tetroxide, dehydrated in graded ethanols and propylene oxide, and embedded in epoxy resin. a Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope. b TEM demonstrated that thalli were within the cytoplasm of superficial keratinocytes. Three forms of the organism were identified, and all were demarcated from the host cell cytoplasm by a distinct cell wall. In the first form ( Fig. 4 ), thalli were apparently uninucleate and had abundant cytoplasm with numerous clear vacuoles and mitochondria. In the second form, thalli were internally subdivided with cytoplasm similar to that of the first stage ( Fig. 4 ). Internal subdivision was characterized by thin membranes that extended from the interior portions of the cell wall and separated the cytoplasm within individual thalli. The third form corresponded to the zoosporangia observed by light microscopy and contained multiple uninucleate, flagellated zoospores that had thin cell membranes but no discernible cell walls. Ultrastructural features of zoospores included props between the distal end of the kinetosome and the cell membrane, a terminal plate in the axoneme core, ribosomes arranged in an aggregate around the nucleus, and the lack of a visible connection between the nucleus and the kinetosome (Fig. 5 ). Mitochondria present in zoospore sections had plate-like cristae. Many thalli had a long, thin tubular extension (rhizoid) that exited the keratinocyte and entered the deeper portions of the epidermis (Fig. 4) . The discharge papillae observed by light microscopy were also present as wide tubular extensions from the thallus that were oriented toward the skin surface.
Fresh samples of affected skin from a blue poison dart frog and a green-and-black poison dart frog were shipped on ice packs to the laboratory of one of us (JEL). Zoospore release from zoosporangia within skin samples was accomplished at room temperature in either half-strength pond water or nutrient medium containing 1% agar. Living zoospores observed with phase contrast microscopy were 4-5 m wide, enlongate, and amoeboid when first released from zoosporangia but became spherical and swam with a single posteriorly directed whiplash flagellum (Fig. 6 ). Pure cultures of the organism were obtained using a modification of es- tablished techniques for isolating Chytridiomycete fungi. 3 A sterilized needle was used to wipe small (Ͻ1 mm 2 ) pieces of infected skin through PmTG agar with antibiotics 2 from 1 side of a 10-cm culture dish to the other. The pieces of skin were then transferred to a fresh agar plate and incubated at 20-24 C. This procedure removed bacteria and yeasts that were not controlled by antibiotics in the nutrient medium. The small size of the skin pieces reduced the chance that mycelial forms of contaminant fungi, which overgrow determinant chytrids, would be present. After initial isolation, the isolates were subcultured onto tryptone agar (20 g/liter tryptone; 10 g/liter agar). c On tryptone agar plates and in 1% tryptone broth, colonies of the organism were white-yellow, irregular, of various sizes, and composed of clumps of individual thalli. Zoosporangia in culture were up to 30 m in diameter with 1-3 discharge papillae and numerous threadlike rhizoids (Fig. 7) .
The morphology of living zoospores and several ultrastructural features place the observed organism in the fungal phylum Chytridiomycota, which has 1 class, the Chytridiomycetes. 1, 4 Living zoospores released from zoosporangia in the skin of affected poison dart frogs had a single posteriorly directed whiplash flagellum, which is a major defining char-acteristic of the Chytridiomycota. 1, 4 Ultrastructural features of the zoospores were also highly diagnostic of the Chytridiomycota. These characteristics included the presence of kinetosome props, a terminal plate in the axoneme core, and the presence of mitochondria with plate-like mitochondrial cristae. 1, 4 Other observed ultrastructural features such as aggregated ribosomes and a lack of connection of the nucleus to the kinetosome are suggestive of the order Chytridiales of the Chytridiomycetes. 4 In affected juvenile poison dart frogs, no consistent histologic findings other than the skin lesions were observed to explain mortalities. Additionally, affected frogs were in generally good nutritional condition and their overall husbandry was considered adequate. Consideration of all these factors led to the conclusion that the cutaneous chytrid infections were responsible for the deaths of these frogs. Amphibian skin is uniquely permeable and absorptive as compared with the skin of other vertebrates. Consequently, amphibians rely heavily on their skin for water absorption, for osmoregulation, and to variable degrees, for respiration. 8 Water absorption, in particular, takes place predominantly through the skin of the ventral pelvic region, 8 which in the affected poison dart frogs had extensive histologic changes. Hyperkeratosis in severely affected animals may have created enough of an impermeable barrier to affect skin function, resulting in fatal alterations in hydration status, electrolyte balance, or oxygen saturation. Because the poison dart frog deaths were sporadic and other amphibians in the holding area remained asymptomatic, factors such as catastrophic changes in water quality were considered an unlikely cause of death. Large numbers of bacteria within the thickened stratum corneum of affected frogs may have predisposed some animals to peracute septicemias; however, no histologic evidence of septicemia was observed.
In the adult White's tree frogs, other histologic lesions included a subacute portal hepatitis in 1 animal and subacute nephropathy in 2 animals. These conditions were thought to be unrelated to the cutaneous chytrid infections and were severe enough to be interpreted as the immediate causes of death.
Fungal infections in captive amphibians are usually secondary to concomitant diseases, improper husbandry, or other conditions that compromise host immune defenses. 14, 15 Husbandry practices that may have predisposed the NZP frogs to chytrid infections have not been identified. Both the juvenile poison arrow frogs and the geriatric White's tree frogs could have been immunocompromized as a function of their age. Furthermore, the White's tree frogs had evidence of concurrent, presumably unrelated disease, which likely increased their susceptibility to infectious agents.
The origin of the infective chytrid was not determined. Many chytrid fungi are saprobes in aquatic environments with species known to grow on a variety of substrates, including pollen, vegetable matter, chitinous materials, and keratin. 4, 12 Consequently, infections in these frogs could represent opportunistic infections of susceptible animals. Alternatively, these organisms could be primary parasites of frogs. Although chytrids have not previously been described as parasites of any vertebrate species, frogs, by nature of their close association with water and damp environments, may have their own chytrid parasites.
The life cycle of the infective chytrid is also unknown.
The motile zoospores produced by the fungus are the likely modes of transmission of infection. The extensive involvement of the ventral skin is compatible with infection by zoospores because these parts of the body are in closest contact with free water, which is necessary for zoospore movement. Pure cultures of the organism, established from infected poison dart frogs, will be used to conduct experimental inoculation studies, which should help to clarify the life cycle. Diagnosis of chytridiomycete infections in anuran amphibians is easily accomplished by histopathology and demonstration of chytrid thalli within the superficial epidermis. Characteristic histologic features of this organism include its size, shape, and location within the epidermis. Three stages of the organism can be recognized in routine HE-stained sections, the most characteristic of which is the zoosporangium containing discrete 2-3-m basophilic spores. Care should be taken not to mistake chytrid zoosporangia for the developmental stages of a protozoal organism. Also characteristic at the light microscopic level is the formation of wide tubular extensions of the thallus that are oriented towards the skin surface. These structures resemble the discharge papillae of other chytrids and are the sites of zoospore release. 11 The organism can also be observed in wet mounts and Wright's or Diff-Quik d -stained smears of skin scrapings from infected frogs, and these methods may permit rapid diagnosis of infection (A. Pessier, personal observation). In general, chytrids cannot be isolated using routine mycologic methods but instead require isolation of zoosporangia or streaking of zoospores onto specific media. 3 These isolation techniques may preclude culture as a routine diagnostic procedure for diagnosis of chytridiomycete infections.
The cutaneous lesions observed in these frogs represent a unique anuran dermatosis that was associated with high numbers of chytrid fungi within the superficial epidermis. Histologic findings were not typical of other cutaneous mycoses in amphibians such as saprolegniasis, which is associated with mats of mycelial forms and often cutaneous ulceration 15 or chromomycosis and zygomycosis 9,13-15 that result in cutaneous granulomas, ulceration, and often visceral dissemination. Similar lesions and organisms were associated with high mortality in a colony of captive arroyo toads (Bufo microscaphus californicus). 10 Although the causative organisms in that report were described as aquatic fungallike protists, they can now be more specifically characterized as cutaneous chytrid infections.
Small numbers of similar organisms were observed within focally hyperkeratotic axillary and inguinal skin folds in the course of a histologic survey of wild cricket frogs (Acris crepitans) in Illinois. 5 Lesions were detected in 7 of 118 adult frogs examined and were considered incidental findings. Another similar organism, originally reported to be a Perkinsus sp.-like protozoan 6 but subsequently identified as a chytrid fungus, 7 has been associated with population declines in several species of wild frogs from Australia and Central America. Overall, these observations indicate that infections with chytridiomycete fungi may be common but previously unrecognized in both wild and captive anuran amphibians. 
